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DISTRIBUTED SENSOR ARRAY AND METHOD USING A PULSeSSgNAL SOURCE 



Background of the Invention 

The present Invention relates to fiber-optic sensors, and particularly to distributed fiber-optic sensor 
5 arrays which utilize time division multiplexing In their operation. 

Over the past few years, fiber-optic devices have been actively studied and developed for use in 
various sensing applications In a wide range of fields. One reason for this interest is the sensitivity of optical 
fibers to environmental conditions which surround them. For example, factors such as temperature 
pressure and acoustical waves directly affect the light transmitting characteristics of optical fiber. These' 
10. changes In the optical fiber produce a change In the phase of light signals traveling in the fiber. Thus a 
measurement of the change in phase of optical signals which have been transmitted through that fiber is 
representative of changes in those environmental conditions which have affected the fiber 
In J£rt E^ 1 * I* I** 8 dif8Cted to dw **"»* of having'sensors organized 

» tfZSnn ^TLl Ut,ll2e a "* Prcvile environmental 

S£.^L? a n I!!"! 0 ' 8 ' SanSOr WOuld lm P rim Information about the environment to this 
optical earner. An output fiber bus would then collect this Information and bring It back to a central 

KtST 8 informafion obte5R8d my Mtected " ° f *• s -*>* «« * 

20 ^J^^^ B iS to P^ u » **** arrays whlch could be used for specific 

ZvfrZd bfu^r^ 9 Chan9 ' n ° environmentel «««»»■ example, such Sor 

SttS^r waves In order to determine the source location and acoustical 

characteristics of those waves. For many such applications. It may be necessary to space the arrays over a 
relative.y.large area. In these situations, the replacement of electrical HneTby bTS« 3x^1 

121" K ,8CWCaI P,CkUP " - "** S£d wT'the 

rTkl«r,l J, Whe " *• 88nS0rfe "** in limited *■«■*• «iwwl of electronics and 

£ <2 hSTS T* 9en8 ^ y ^ imPrDV8d SyStBm P 8 *™"** due to reduced noise. On 

the other hand, replacement of long electrical lines by optical fibers creates a problem in preventing or * 
removng any Influence of environments conditions on the non-sensor poi^TL 
so therefore, becomes an important design consideration 

infn^nTJ^ ? !mary d8S, ° n consideration In developing a sensor array is the method by; which 
%Z 5 -?12? WnSOr , Can 1 be ^ individual identification from among all of the inflation 

arriving at the central processing location on the single data stream. Distributed sensino systems 

LST. ^'.S^ N Q D r i9S ' " C ° herBnt °P«^re.Sensors ^Zduiatod'SS; 

w«;b»pi4iei-™r^™m , S.T ? I IT? S ' 8nal: ' S ''^""■."ino.meanlngt.l results 

such central frequency Jn?!?!!^^^ Se^SOr • °* ditf8rence between 88Cn 

. equency and the overall range of frequencies within which these, central, frequencies, are 



contained dictates the iWber of sensors which may be utilized. Equ^^ntly, the number of sensors, 
together with the overall range of frequencies determine the maximum difference between central fre- 
quencies, and hence the maximum environmental frequencies which may be detected. The range of 
frequencies is, of course, determined by the slope and period of the ramp signal. 
> These sensor configurations are also limited in the distance from the optical source which a given 
sensor may be positioned, not only. duBtotJieTimitafions based on the coherence length of the optical 
source, but also based on the fact that as the sensor is moved further from, the optica! source; the path 
length difference between adjacent optical paths becomes very large. 

Another, approach which has been used for separating each sensor's ' information from the single data 

0 stream comprises time-division multiplexing of the sensor outputs, as is desWbed by M.L Henhlng et at., 
"Optical Fibre. Hydrophones with Down lead InsereltMty. 0 I.E.E Coherence Publication 221 , pages 23-27. 
(April 1983). In. time-division multiplexing, the. optical input.most generally is pulsed so that.the input signal 
comprises a pulse waveform. In the interferometric pulsed system described '^y.Henning et al^'the input 
fight is pulsed twice with a particular delay between.. the two pulses, This delay is determined' by the 

s geometry of the sensor, and in particular by.the. relative, delay, between the two arms of the'interfometer 
comprising the sensor. Specifically, the optical input pulses communicated through each sensor are mixed 
and placed on the output fiber by each of the sensors at. a . different time. By controlling the relative position 
of the sensors, Interleaving, of the pulse signals may be. accomplished as the signals are multiplexed from 
the sensors onto, a return fiber bus. These interleaved pulse signals are then carried back to the central 

ff- processing location where demultiplexing and further signal processing occur. 

One of the problems with these types of systems is that they generally have required use of an optical 
source having a coherence length which Is longer than the path length difference between adjacent signal 
paths. The long .coherence length Is . necessary in order to have the fight from adjacent pathiMnterfare.-iThe 
Interference creates an intensity modulation which is. proportional to the phase modulation created in the 

5 fight by the environment In addition, the two pulses which are launched Into the sensor, array are generated 
from the source at different times. The result of mixing, light which originates from the source at different 
times. Is phase induced intensity noise. Such source phase induced noise may create a limitation to the 
sensitivity of a sensor In such a system. Another limitation with these types of -devices is that they, measure 
only the difference between the sensors, and do not provide a means for measuring the environmental 

) effects on a. selected, sensor by Itself. 

Based on the above, it would be an important Improvement in the art to provide a sensing system and 
technique for multiplexing a plurality of remote sensors without beingsubject to the above-identified 
restrictions. Thus, the system should , optionally, be, free pf sensor spacing limitations, and experience little 
degradation of the signals carried thereon due to laser phase-induced intensity noise. Such a system should 

; provide, for operation without requiring use of electronics or active devices in- the environmental sensing 
region. The system should provide for maximized duty cycle operation to increase the efficiency. -and 
potential applications of the system. Preferably, such a system should pennit use of. any of a wide rango of 
optical sources. Including short or moderate, as well, as long, coherence length, sources where -the 
coherence length is greater than or equal to about one centimeter, and should . be both simole and 

1 economical to produce and use in actual application'. , ' .. . 

Brief Summary of the Invention 

The present invention comprises a distributed sensor system, and method which preferably uses a short 
S ? 9 S ° UrCe 5f ^P ,is ^9 muftiplexing. p1i .an army of fiber-optic sensors. More 
Z2^^*T" 2 me P^sent invention generally comprises an optical source .which, is 

Srn^r « P f 96 ^ ^"^ to a first optical waveguide, An environmentally sensitive 
ZT^rSZl n 9 ^^ * Ppt5cal WaV88U,d8 ' sensitive segment.hfluencing 

optica I sjnals propagating . within the sensitive seoment ln response to particular, environmental, conditions 

S^'ZSSSZFSSfl ww " w4m "*-y *>™*** ™°9^* segment fonm at least portions 
ofarms o a first unbalanced interferometer. A second unbalanced interferometer is optically coupled to the 
ShI * '"tBrferometer for receiving optical signal? , from the first , interferometer, ^second 
interferometer provides a . pair of optical paths having an optical path length, difference which substSy 



matches an optical pafflfcigth difference defined by the first Interfe^Bter, such that the second 
Interferometer combines optical signals received from the first interferometer to form a phase difference 
output signal representative of environmental influence on the environmentally sensitive waveguide seg- 

Ths arms of the first unbalanced Interferometer form first and second fight paths in that interferometer. 
- Ukewise. arms of the second unbalanced Interferometer form third and . fourth light paths. The- first and 
second interferometers are configured so that .the difference in. optical path lengths between the first and '.' 
second light paths -in the first interferometer is substantially .equal to the difference In optica path lengths 
between the first and second light paths In the second Interferometer. Since the- optical path length, 
differences are substantially the same, the second interferometer , is able to combine the. optical signals 
therein so that signals which have traversed tight paths which are substantially, equal In length or which- 
place the sural: into annmnriam nh^ - ^o, can be coherently coupled by combining them at-an- - 



output of the second interferometer. 



The environmentally sensitive waveguide segment comprises a sensing region In which optical signals- 
rs traveling therein are influenced by an environmental effect. This influence is evidenced by a "change-in 
phased the-optical signal propagating In the 'sensing region: Accordingly, the signals which are coherently- - 
coupled at the output of the second interferometer form a phase difference output signal which -'s 
representative of environmental influence on the environmentally sensitive waveguide segment. 
« corilTS"!! 5 dBt ^° r lf B j 5rBterably optlcal| y 10 the combined optical signals from the 

h ■ 1? d !! eCt0r8 inter «"nected to other Information processing devices 

for monitonng and evaluating the particular environmental conditions which have been detected 

. n ,.~L 0n !K Preferr ^- ,nl !? dime^t • * 9 inV8nti0n CompriE8s a 'P 8 "^'" configuration in which an optical 
.nnTs t. 33 ? h ° rt < f h8renCe ,ength laser lmmchss P ul «* optical signals into a sirigle^ode fiber-optic 
. ITISSJ^J^ signals are distributed to a plurality of optlcal fibers ror other components such 
J?Z ?T! 22 SenSOfS Which m optical, y ""l™** at on * terminal to the 
l/^ ^ C0nn8Ct9d 81 ** 0,h8r termlnal to * «*«pfc output bus, thereby 

oT^^llT^^ ^ PU,8e8 ^ fimed SUCh "» retum P u, «* *™ thTiUoi do not 
overlap with each other or with pulses from the next sampling of tho array . »■ ■ 

o m^lrrJ mPrf nf .T'^T? 1 inf0rm8,ion 0nto *" r, 0^P«sinB therethrough in tho form of ' 
Tl STJ 2 ^ PhaS6i U ° ht fr ° m 01 11,9 sensors 18 opdcrty coupled onto-the fiber-cptic 
rotum bus The difference between: the lengths of each of the light paths defined by the Input flbe Sc- 
bus. an .ndlvidual sensor. and the fiber-optic return bus ^much^reater than the JL*££SZ%£ 
SSSir — - - whendght from each 

Zu^Tl diff9renC8 Path ^ between eacS two adjacent serao* Con- 

sequently,, the interferometer causes mixing, of the outputs of adjacent sensors andToducaTaT ouC 
signal corresponding to the difference in phase between signals pL^9^^S2^Z^!^ 

A freq^cy shifter can be placed in one arm of the Mach-Zehnder. Interferometer to. produce abated 

«j!hf ,J0H 7 *W embodiment - abpveslescflbed STStemJs-'modlfied by locating. environmentally 
sensitive regions defining sensors on a portion of the fiber-optic Input bus between each SrT^» 

ZZ f™ ftEJSi, ^ t l 5eparate P" 1 ! 88 ^ ^jacent sensors. In addition, in this embodiment. ev£y 
n l V?-"T1 eXWPt m9 ** l8St P" ls9 ^ P rovide information from a sensor theS 

traversing paths between, adjacent sensors is equal to the path lenoth difference hatwJn »™ „ ! T 
sensing interferometer positioned on the. return bus ™ Terence between the arms in the 

I adder P*? 9m A bodim9nt ' 8 interferometer, is posftioned on each rung of the ' 



Interfere at the output o^f compensating interferometer, producing an i^fctuda modulation. Photodetec- 
tors at the output of the compensating interferometer may monitor the amplitude modulation corresponding 
to the phase modulation of the given sensor, and produce a signal representative of the environmental 
conditions which influenced that sensor. " " 

> In each configuration of the invention, the compensating iriterferometercan also be located. on the input 
bus between the optical. signal source and the sensing regions, in this configuration. theW optical signais 
produced by the compensating interferometer from each, single. optJcel. pulse signal received from the 
source are combined by the sensing interferometers to provide a coherently coupied signal on the. return 
path. This coherently coupled signal is received by the detector and processed In. the same Winer as if 

0 the signal were received from the compensating irrteiferorneter in me : (^guratiohs. described above. 

In. st* II another preferred embodiment of the system, the configuration described above can be modified 
by cutting each waveguide in the run In half, and depositing a reflective, mirror on the cut end of 'the 
waveguide to reflect optical signals back, into the waveguide. In mis configuration, adjacent waveguides 
defining rungs form. In conjunction with the. interconnecting portion of the input waveguide, a Michelson 
s interferometer. If. sensing regions are located on the Input, waveguide/the length of each regions, is reduced 
by half since the light reflected on the Input bus from each interfomerter will pass through the sensing 
region .twice, once when coming from .the source and. once when returning.. . The. returning signals are 
transmitted to a compensating interferometer and. processed as with the omer erhbodimenfej' described 
above. This configuration, minimises the amount of optical fiber needed to form the sensor but, has .some 

1 oss in efficiency due to the use of an additional optical coupler to transmit reflected light returning on the 
input waveguide to the compensating Interferometer. 

Each of the configurations of the present invention are lead Insensitive since the signals are carried on 
a common fiber except while in the /sensor or compensating- interferometer. : Thus, ^environmental shielding Is 
needed only, on,rhe compensating Interferometer- In- order to obtain -signals which, if. proper techniques are 

i used to avoid signal fading, directly reflect crwges in me selectaJ sensor.^ ^ ^ . 

w ; ThB Present Invention also Includes a novel apparatus and technique which may be utilized in several of 
the configurations of the Invention to provide a heterodyne-like output signal, without the use of: an optical 
requency shifter. In heterodyning, the frequency of the signal is shifted so that the Information contained by 
the signal is carrled.on sideband frequencies of the resulting non-zero center frequency. Heterodyning is 

i dBs^eance^overcomesttepmblem d 

tne fiber. In addition, the heterodyned signal can be readily evaluated by use of conventional electronic 
equipment such as spectrum analyzers. FM demodulators^ phase detectors. The present invention avoids 
the use of a frequency shifter for heterodyning by providing a phase" modulator in the receiver portion ot the 

sssr^ *° *— ng phase modu,ated sign " 

.The phase modulator Is operated at a . frequency much higher than that of the signal in the sensor.- A 
switching component, such as a .gate. Is. used to modulate the electronic signal from the optical detector in 
JSSZISS^! h ^r 0 ", ^ Thus, the output signal from theSve 

tZSSL «f?, ^i 8te 2 d Si9nal by 8 *** wav e * the higher modulation frequency, mixing the 
ZFFZJS*^ W Since odd and even harmonics never, simultaneously 

SuiH SI m?? 8,9,181 feC,n9 by mMng the two harmonics, as- described. When the 
,h 2T, , th8 Ph8SB m0du,ator ** *» Wchrenlzatton of the gate are adjusted- appro- 
Sand 9n COnt8in 8 ^>™- ,!ke s, B nal «»* °"° ot Se modulation frequent 



™ J£ f ^ "^fTT MnSOr? 01 Pre3ent inventiQn ^V* 6 - * technique for multiplexing 

' ! aCCUrate ' ^.^ch.permits detection of rapidly, chenging, environmeSrcpr? 
2S* n^TSf SenSOrS " 1,10 ,nvention pBrn, ' rts U5B . * optical sources having a short cohered 
length, mereby^cludlng a wide range of commercially available lasers.which are lesslxpensiveTd Tore 

Ta^T^t^?r! T bUt may 0pticaJ S0urc8 ha V in 9 8 Irenes length which 

is greater toan or equal to about one centimeter. Further, the invention preferably accompfishes its nuroose 

tlTS? during ronabilrty and increasing system loss and .complexity. The system is configuroc fto 
unbSrlr perm,ttin 0 " M 01 l0n9 " n8S tor ^ signals.to and from correction- STach 

^^SS^^! V "!S ^ en ^nmental.sh.e.ding of those (ines. The. inve tion a o 
22 • 1 q tor effectively heterodyning .the,putput signal, which removes the need of frequencv 
of ™^ '"terferomete, thereby further reducing toe cost and incroasing 



Brief Description of the CTgngs 

Rgure 1 Is a schematic drawing of one "preferred embodiment of a distributed fiber-optic sensor 
system of the present invention. 

Figure 2 is a sectional view of one embodiment of a fiber-optic directional coupler for use in the 
distributed sensor system of the present invention. ' " 

Rgure 3 Is a schematic drawing of another preferred embodiment of the distributed sensor system of 
the present invention, illustrating sensors positioned on the input waveguide of the system: " 

. Rgure 4 comprises another preferred embodiment of the distributed sensor system of the present 
invention, illustrating sensors comprising Mach-Zehnder Interferometers petitioned 'on each rung of the 
ladder configuraiioh of the Invention. : 

v ^0 ure r 5 ls 8 schematic, drawing of 'still another preferred embodiment , of the distributed sensor 
system of the present.invention. utilizing a configuration forming Mlchelson interferometers connected to the 
input waveguide., ' . .. - i. ■■■■ ■■:>.. 

Figure 8 is a schematic drawing of another preferred embodiment of the Invention, providing another 
configuration of Michelspn interferometers connected to the Input waveguide ' 

Rgure 7 Is a. schematic drawing of a further. preferred embodiment of me invention, wherein I the 
compensating Interferometer is positioned on. the input waveguide. ' , 

Rgure 8 is a schematic drawing of one embodiment of the distributed sensor system, illustrating a 
technique for frequency shifting the outpuF signal from distributed sensors using phase modulators Tend 
gates. 

Rgure 9 is a schematic drawing of a simplified version of an embodiment of the coherent distributed 
sensor system of the present Inventioa 

Rgure 10 is a graphical presentation of minimum detectable modulation as a function of signal 
frequency, illustrating results of system sensitivity evaluations for Input, optical signals at selected pulse 
frequencies and with optical and electronic switches. w^nu put^e 

tna Jl^lll ^T^ 6 !T °L° ne emb0dim8nt of a polarization .controller for useln 

the distnbuted sensor of the present invention. 

Detailed Description of the Preferred Embodiment 

The invention is best understood by reference to the figures wherein like parts are designated with like 
numerals throughout. 

Figure 1. illustrates one preferred embodiment of . the invention comprising a sensor array system for 
monitoring environmenjai conditions influencing a plurality of distributed senSrs. A light source^*, such' 
h *» * *«. ooharence length .is utilized In this embodiment To p^ce 
the desired pulsed optical signal output, the Dght source 100 can.comprise either a continuous wave Ias7r 
wh.ch is electronically or mechanically pulsed, or a seif-pulsed laser connnuous wave laser 

m^T* 1*T ^ thB l8n9th oyar si 9 naJ interference effects' may' be obtained. Those 

v g 



where: 2Af «.. optical bandwidth at t n.«„„ ul „ 
v B = group velocity of light in an optical fiber. 
th« S S ', fr ° m Eqi ? °m 0) " beC0m8S WW****" coherence length increases as spectral purity of 
llr, P T S; , Wl " alS ° * b * «"» th. technology Oiat. in compel to 2 or * £ 

22TL2 U 9 C0h8renC8 ' 8n9th ""^ 9 58nsor wh,ch «" "Sllze sho^ coheranS 

length signal sources comprises a versatile system in which any of a large number of Lor "cm sources 
may be used, including relatively inexpensive and compact diode lasers 9 

In the embodiment shown, the light source 100 comprises an Aluminum Gallium Arsenide (AIGaAs) 
laser which produces light having a wavelength on the order* about 820 nm. By specSc^mpte ^e S 



The light source lufltagure 1 is optically coupled to an optical fib^^mpnsing fiber-optic input bus 
102. Positioned upon Input bus 102 are a plurality of directional couplers 108a, 108b, „. I08n which couple 
some of tho optical power to a plurality of optical fibers 110a, 110b, ... 11 On which ere each optically 
connected to one of the directional couplers 108. The basis for selecting the locations of couplers 108 on 
Input bus 102 will be. explained more fully subsequently. 

In the illustrated embodiment, the directional couplers 108 are of the same type as other directional 
couplers utilized In the sensor system. One preferred embodiment of a directional coupler which may be 
used In the system Is disclosed subsequently herein, and is described In detail in U.S. Patent No. 4,493,528 
entitled "Fiber-Optic Directional Coupler' and U.S. Patent No. 4,538.058 entitled "Fiber-Optic -Directional 
Coupler", both of said patents being assigned to the assignee of the present invention. These patents are 
hereby incorporated by reference. 

The optical fibers 1 10a, 1 10b, ... 1 lbn each have a first end extending through ports of a corresponding 
optical coupler 108a, 108b, ... I08n. The Optical fibers 110 comprise fiber-optic sensors which are 
positioned In the environment so as to be sensitive to. and influenced by, changes in the environmental 
conditions Surrounding the sensors 110. Of course in this, as well as substantially all other: embodiments of 
the invention, devices such as transducers could reconnected to the optical fibers in the system and be 
utilized as sensors lio for responding to environmental effects by influencing the flow of light through those 
optical fibers.. For example, an acoustic transducer could be connected to an optical fiber 110 to increase 
acoustic : sensitivity of that fiber. " . " -. 

The second end of each of the sensors 1 10 passes tivough one of a plurality of directional couplers 
112a. 112b. ... 112n. Couplers 112 are positioned at selected locations on a fiber-optic return bus 114. 
bringing the sensors 110 Into optical coupling relationship with the return bus 114. It will be appreciated that 
the above-described relationship defines a ladder network for the sensor arm of the sensing system. 

The optical source of Figure 1 Is pulsed to produce an Input pulse 201 which Is distributed to the 
various sensors -110 via input bus 102 and directional couplers 108a - 108n. As the pulse 201 travels down 
One 102 and Is distributed to the various sensors 110, a string of pulses 203 is produced on return bus 114 
with each pulse in the string- coming from a different sensor 110. The spacing between each pulse In tho 
string 203 is based upon the optical path difference between adjacent sensors 110. .Thus, the first pulse in 
the string will correspond to the pulse which was communicated through sensor 1 10a. since this optical 
pulse had the shortest travel time between the.Bght source 100 and the return bus 114. Likewise, the 
second optical pulse corresponds to the pulse provided from sensor 110b. since this pulse had the next 
shortest optical path length from the light source 100 to return bus 114. The spacing of the pulses in this 
embodiment is not based on the coherence length of the optical source since this pulsed system is not 
coherence dependent Therefore, an optical source of any of a broad range of coherence lengths may be 
used in this embodiment. . 



- - -. pw^a ...wn. M.o ..DAI aOJIipilllu UI me 

array. For example, if the. pulse length from Oght source 100 were too long, the length of the pulse 
communicated from sensor 110a onto return bus 11.4 may be such, that the tail of the pulse would not be 
placed on bus 114 at coupler 112a before the leading edge of the pulse from sensor 110b passes through 
coupler 112a on return bus 114.. Ukewlse. if the timing of the pulses from light source 100 is too close 
toge^eMhe outputpulse from sensor 110a corresponding to the second pulse from the light source could 
be placed on the return bus 114 before the output pulse from sensor ,fi On corresponding to the first pulse 
from grit source 100 passes couplers 112a on the return bus 114. In either of these situations, it would be' 
virtually mpossible for a detector, receiving the pulses from the return bus 114. to determine which sensor 
those pulses, had been received from. 

^2!5l n9 o°L PUl !f S J° 3 ' S 'T 5 '"^ a,on 0 «ber-optic «»um bus 114 to the input of a Mach-Zehnder. 
interferometer 200 which is comprised of a pair of directional couplers 202 and 204 positioned on the fiber, 
optic return, bus. 114 so as to define a first arm 206 between the couplers. A second length of optical fiber 
208 js . secured at either of its ends in .the.couplers .202 and 204 so as to define a second arm of the 

iStTtXZZET" Ti^J 02 ^ 204 ' 6m>rB ™* in 0p,lcal ,en 9 ths °< ™ 208 
shouW substanjally .equal the drfference between, optical path lengths. of successive sensors. Optionally. 

rXfl ^LTJ^TrT ^ ^ 208 by an amount which substantially equals the,, difference 
between the optical path lengths of successive sensors. 



With the arm length Hsen as described above, the pulses pass thn0 interferometer 200 such that 
the portion of the first pulse from string 203 which traverses the longer arm 208 reaches coupler 204 at 
substantially the same time as does the portion of the second pulse from string 203 which traverses the 
shorter arm 206. Likewise, the portion of that second pulse which traverses arm 210 arrives at the coupler 
204 substantially at the same time as does the portion oUhe third signal from string- 203 which traverses- 
arm 206. Thus, It is seen that the interferometer -"200 will cause mixing in the Optical coupler 204 of the 
output signals from adjacent sensors. 

The mixed signal which is Output from coupler 204 is communicated to a detector 212 positioned on 
that portion of fiber 208 which extends beyond coupler 204. Optionally, detector 212 could be positioned on 
the portion of fiber 114 which continues beyond coupler 204 from fiber 206. Still further, twin detectors 212 
could be positioned one each on the detector locations Just described ■ - * • • 

r^L^^^^Z^ m ^ 9 ^ ^ resents the gradient of the erwirbhmental 
parameter Influencing the related sensor. One preferred embodiment of a detector "for use in the system of 
tiie present invention may comprise a model MFOD2404 detector preamplifier, commercially availably 
Motorola Sem conductors. Phoenix. Arizona: Of course, connected I to the output of the detector ^ 2 for each 
1^.3?? l? 8 ! 0 ^ 0 " iS W*** rneasuring equipment (not shown) of a type which is 
generally used in the technology for monitoring and evaluating such optical output signals 

In the embodiments illustrated herein, the optical path length differences between adjacent optical paths 
are made to conform with the optical path length difference in Interferometer 200. By so doing and with 

C^n^" 9 Bndtor Pf0Per Umin9 01 put88S from * 8 op1ical S0l,rc8 - *» P ul *» returning from 

SJ i regies can be processed through a single interferometer 200. However, if the difference 

oTr^ ^^rSrST 5 'l? 6 f 8 " 8 '" 9 r89 ' 0n 18 n0t SUbs ™^ the same as the pathTng^ 
S^STS^' m JS! *** iRt8rfer0met8rs *» optcal.y co upl ed to retumbus ll/to 
TJ^L Z n T * v™** 0 ** "** those other path length differences In the sensor 
Z?n^™JS ™ ,nt9rf8r °rneters could be optically coupled either In parallel or series configurate 
with interferometer 200 on waveguide 114. . 

noJ^mSSirr J '"Si 9 ? af ! C8d ' md unde8lrable *«* as phase Induced Intensity 

T y^t^J** to d0Se,y m8teh ^ °P tal tength difference in oompratin 
22 ?! "ST ,9n9lh drtterence betWB8n to be combine? m2 

S ^ enld^crr^l!^" 5 " 9MY :kn0W " industry for matching th£ 
S? L££? h?? ??' n"!^^ 6mbod, ™ nt °< ■• method and system for. accomplish^ this 
No ST^fSv «£T "J S2? Patent ^P"^ 0 " S9ri * No. Unknown, (our attorney. Docket 
L^fn^t J 988) t0 Wm entitled 'System and Method for Accurate Loop Length 

herewith. This reference Is hereby incorporated herein by reference. . 'curremiy 

ckJ" f 8 1 en J b0d, k ment of 1. as well as in the .other embodiments described herein a freauancv 

tS^Ht °$ r V OPti0n8Jly * p * 8iBon8d * *• ^ 5 «* « w-^^eJrSS 

oC ignal SeHe d22 IgT T"** ^ By • *• phase -"SSJS 

Z^ Snl -S? Pr !r 9nted *"* **** 108 sensitivity to small toKTS 

XSS. ^ ^ en " r0nm9nta? .^red^uenc./ rangfct, more 

•Jt^Jtlte m8 ** purpose is a Bragg Cel.: 

provided. by reference to Rgure 2 Specifically thta 7 ' ' exam P |e - ^be. 

150a and 150b in Fipure o ^ ^J^SS^IT^ com P n ? eS: tw0 optical fiber strands labelled 
from one side thereS The 1 2 s i^ STiK *£P * «°«Z»* ^ cladding removed 



portions of the strands v^R the cladding has been removed in close-sp^^ relationship, to form a region 
of intoractioh 154 In which the light is transferred between the core portions of the strand's. The amount of 
material removed is such that the core portion of each strand 150a and 150b is within the evanescent field 
ot the other. The center-to-center spacing batween the strands at the center of the coupler is typically less 
than about 2 to 3 core diameters. 

It is important to note that the light transferred between the strands at the region of Interaction 154 . is 
directional. That -is, substantially all of the tight applied to input port A Is delivered to the output ports B and 
D without contra-directional coupling to port C. Likewise, substantially all of the light applied to input port C 
is delivered to the outer ports B and D ; Further, this directivity is symmetrical. Thus, Bght supplied to either 
input port B or input port D is delivered to the output ports A and C; Moreover, the coupler is. essentially 
nondiscriminatory with respect to polarizations, and thus preserves the polarization of. the coupled light 
Thus, for example, iff a light beam having a vertical polarization Is input to port A, the light coupled'from port 
A to port D. as. well as the light passing straight through from port A .- to port- B.. will remain vertically 
polarized. • •., . . 

From the foregoing, it can be seen mat' the coupler may function, as a: beam -splitter to divide the 
appljed light into two optical paths, as is accomplished by coupler 104 of Rgure 1. - 

In the embodiment shown In Figure 2,' the coupler has a coupling efficiency which may be varied based 
on the positioning of the fibers with respect to each other. As used herein, the term ^coupling. efficiency- is 
defined as the power ratio of the coupled power to the total output power, expressed as a percent-For 
example, referring to Rgure 2, H Tight is applied to port A, the coupling efficiency would be equal to the ratio 
ol the power at port D to the sum of the power output at ports B and D. In the distributed sensor of the 
present Invention, careful adjustment of the relative path lengths and of the coupling efficiencies of the 
•couplers is required to achieve optimum efficiency an* performance.- -•- 

•■; Another preferred embodiment of the distributed sensor system is illustrated - in Figure 3:ln mis 
embodiment, alight source 100 such as rcontinuous wave optical laser is optically connected to an optical 
gate 101 for producing pulsed optical signals. The optical gate 101 is optically connected via a line 103 to a 
fiber-optic input bus 102. Secured In spaced relationship along input bus 102 are a plurality of optical 
couplers 108a. 108b, 108c, .... 108n which optically connect bus 102 to a plurality of sensors 110a. 110b 
110c. ... 110n which themselves are optically coupled via a plurality of optical couplers 1 12a, 112b, -life, ,.. 
112n to a fiber-optic return bus 114. This configuration corresponds to the ladder network of the sensor arm 
Of the embodiment illustrated in Rgure 1. . .„• , , ... 

Portions of the input bus 102 between sets of couplers .108 are configured .in a ,coll arrangement 
generally Indicated at 105. The colls 105 comprise delay, lines for defining the difference in signal path 
length traveled ?y optical signals passing in adjacent, sensor arms 110. In addition, at least a portion of each 
of the colls. 105 Is not environmentally shielded,. thereby forming, a. sensor located on the input bus^By 
positioning the sensors and delay lines on the Input bus. the number of optical components required in this 
ladder portion of the structure Is minimized Also, by. positioning the sensors on the input bus, every pulse 
on the return bus .114 except the first and last pulse corresponding to a given pulse from the fight source 
can prov.de information from an Individual sensor so that differences in phase between adjacent, pulses on 
return bus 1.14 define environmental conditions influencing a particular sensoV. ln contrast to -the embodj- 
mem illustrated in Rgure 1, which provides a measure of the difference in the environment between sensors 
110a and 110b. for example, the embodiment Illustrated in Rgure 3 provides a direct measure of the 
environment at sensor 105. 

i*h^T"3S 80 ^ J?, 0 ? PU,Sa 203 h8V|n9 travelBd *• Path.through arm llCb.is combined . 

Sl^S 1 ?!?-!?*? * 8 mCBi ^ *e Phase difference signal provided 

trom,cou P ler .2Q4 .w,ll directly relate to toe ernrtrenmentaLeffect influencing the pulse which, passed through 
! , l^!' nB ' rc9,0n ^TT 1 * 1088 ^ 1 °8!>- This occurs, because both .combined, pulses 
STSL'ST, "ff ^, P8th ^ any 0th8r re9ions in ** Pa* on. waveguide I02..however. 

only one signal, in this . pair passed through the sensor between, couplers 108a and 108b. -Therefore the 
phase change caused In that signal -while passing through that sensor will be directiy, evidenced by the 
phase difference signal from coupler 204.. . . 
^ By providing sensor information for a given sensor oo all but 'the. first and last pulses on the return bus 

?«„2 1 accomp ; sh8d ^ spacng the sensors 110 with respect to each other so .that the optical path . 
^ngtinjlrfferences between adjacent sensors are substantially the same for each sensor pair. Thus, all but 
the first and last s.gnal from a pulse 201 can.be used, in the compensating Interferometer 200 to develop 



sensor information. This cycle can be further optimized by timing thef^al pulse signal from the light 
source 100 so that the resulting pulse signal placed on return bus 114 from rung 110a immediately follows 
the passage of. *e. pulse, on bus 114 .from.arm 11.0n, , an d is synchrorfeed' therewith, thereby reducing the ' 
minimum time between transmission of pulses from the optical source! 

Return, bus i 1.4 is connected, to provide the optical signals traveling therein to a Mach-Zehnder 
Interferometer 200. which corresponds to the Interferometer described' with reference to Figure 1. As with : 
the configuration ^ of ; Figure 1. the adjacent signals communicated to interferometer .200 from return' bus 114 
are mixed. to provide an output from coupler 204 which Is communicated to a detector 212 the mixed 
signal comprises^. phase difference. signal which represents the environmentai parameter influenting the ' 
sensor, torough vvhlch only on^ V.. 

As with the configuration of Figure 1 ..the difference in optical path" .lengths traveled by the optical signal 
between adjacent sensors should substantially equal the path length difference of the arms 206 arid 208 of 
the Interferometer 200. . . <- ■ 



nwuiuilsiyillBlcl CUU. ... 

, In operation; a light source 100 such as a laser diode communicates a continuous wave optical signal to 
•the optical gate 101. Gate 101 gates the optical signal to produce a series of pulsed output'sighals at a rate' 
and signal length which will avoid the signal overlapping problems described earlier. One such optical pulse 
signal, is illustrated at 201. The optical pulse 201 is communicated via lens 103 into the input bus 102 As 
the optical signal 201 continues to travel down input bus 102, portJons'of It are transmitted via couplers 1 08 
through sensors 110 and couplers 112 to the fiberoptic return bus 114 in the manner previously described 
with respect to Figure 1. The signals returning on bus 114 comprise a signal train Illustrated at 203 with the 
signals , spaced at intervals such that interference will occur between adjacent signals at coupler 204 
following transmission of the signals through the interferometer 200. 

Optionally, a frequency shifter (not shown) may be Included in the fiber delay line 206 or 20B of the 
embodiment of Figure 3. thereby providing a heterodyned signal-as was previously discussed with respect 
to Rguf6 1. 

- 0??*l e l Purred embodiment of the distributed. sensor system of the present invention can be 
described by reference to Figure 4. The system of Figure 4 is configured, substantially identically to the 
system of Rgure- 3. except that the portions of input bus 102 between adjacent couplers 108 comprise only 
delay lines generally Indicated at 107. These portions are not exposed to environmental influoncS. Z 2 
«LS„n m e H n. C l 0, , Fi - Ure 3< 71,8 sen8 "« te accornpOshed in the illustrated embodiment, by 
T^^ZyTfl fl ^ 'T**™ SUCh 88 81056 l,lustrated 0enerally,at 109a. I09b.,l09c. ,; l03n 
on. the rungs. 110 of . the ladder configuration. 

«J!S r !I Pa ? ,fiCal ^ SaCh mn9 110 e first optical coupler- 11 i a. 111b, 111c, ... 11ln. and a 

TlSn IS™ 1 £ Vn?'. 1 , 130 '.- 113 "' *** mn ° ** of a first an. nsa. 115b Tisc- 
: 11 J of the interferometer 109. Also connected at opposite ends to the couplers 111 and 113 on each 
rung 110 is a second arm of the interferometer comprising a sensing arm 117a. 117b. 117c. , Il7n 
^Preferably, the optical path length difference between the arms In each of the sensing irrterferometers 

szxss?*** to *• ~. b - wn » e rrrr^g 

tooperafldn. a series of pulsed optical signals such as the pulse signal Illustrated at 201 is omd.^w 

^ S rr d l ,nto iS' nPUt 008 102 mannW P ™ 0US * JSS to Hgu^T^ 

As the optical signal 201 travels down the Input bus 102, a portion of the signal Is coupled vte coTo enTiOfl 
into the rungs 110. The signal in each of the rungs HO is communicated through toe interterometeMOfl^ 

S rT" h ^ ^ '"^Pmeter is communicS 

vtecouplers 112. onto the return bus. 11 4. This .'output, comprises a pair ofoptieal ou'se sianais 205» !>n*h 

«gn«£05 trave Is down output bus 1 14 and is received in toe. compensating Interferometer 200 

J/Vrth the. optical , path length difference, of the interferometer 200 matched to eacn of the oath lenoih 
d.fferences.of toe interferometers 109, the pair of. optical oulse.signais 205 produce Tjr tfsiSs wS 
are cau^d to constructively interfere in coupler 204. to produce a phase diSsrenS IZ onZo^S 
T 9 ™ T* 'W^veof. the phL diSS^S 
after traversing the separate arms of their, particular Interferometer. 109.. Accordingly toe ohL S^nS 
s.gnal.,ndicates toe environmental effect on the particular sensor ^arrTVl7^L^n^m^fi2^ 

eVaTaSn, ^ 9 **** ™' ^ * * ^nlcated to prcc^ng.equ'pmTrn to !se n 

z^sttJ^-™ influenced * sensin9 r - "S 



Because each rung^^ contains Its own Mach-Zehndar interferometfend so long as the rungs are 
spaced sufficiently and signal pulses are separated property to prevent signal overlap on the return bus 
114. the monitoring of environmental effects on a particular sensing interferometer 109 is accomplished 
without sensing Involvement of signals from any other sensing interferometer 109. As a resuJt, there is 
essentially no restriction on the length of the input bus ; 102, 6r4he -output bus 114, between adjacent rungs 
—of the system. Accordingly, a distributed sensor such as that 'disclosed with reference to Figure 4 finds 
particular , value in applications requiring sensors to be located at selected points Which may riot be 
equidistant from one another, and which may' be at extended distances from the light source 100 or from 
the compensating Interferometer 200. 

It Is noted .that in the system of Figure 4; like the arrangement of the otrter.'embodimertefdlsdosed 
herein, the optical signal Is a pulsed signal. Therefore, the positioning of the couplers 108 and rungs 110 is 
not dependent upon the source coherence length of .the tight source. However/the pulses from light source 
100 should be. timed such that the pulses returning to the compehsating;.interferometer 200 do not overlap 
each other, nor interfere with pulses produced by the next pulse to^ 

Referring now to Figure .5, another embodiment of the. device which is the equivalent of me embodi- 
ment of. Figure 3 may .be described-. Specifically; llke.me embodiment of Figure 3. trie system Illustrated- in 
Figure 5 .includes a light source .100 which can comprise a. self-pulsed laser for producing a pulsed optical 
signal, or which . can comprise a continuous wave laser optically connected to an opScaj gate : ibV for 
electronically or mechanically gating the optical signal, to, produce a pulsed optical output, trie pulsed 
optical signal is communicated via lens 103 to be optical fiberinput bus' 102. 

A first optical coupler 104 Is positioned on Input bus 102 and is connected to one end of an optical fiber 
compnsing a return bus 207 such that optical signals are coupled between the input bus 102 and the return 
bus 207 .mrough coupler 104. Return bus 207 is optically connected at Its other end to a Mach-Zehndar 



neter .200 which corresponds In configuration to the interferometer . 200 previously described with 
respect to the embodiments of Figures 1, 3 and 4. The output of the Interferometer 200 Is also connected to 
a detector 212 In the manner previously described. 

Also positioned at selected locations on Input bus 102 are a plurality of optical couplers 103a, 108b 
108c r ... 108n; Couplers 108 are each connected to a first end of an optical fiber 220a. 220b. 220c 220n 
The other end of each of the optical fibers 220 is optically connected to a reflective mirror 222a 222b 
222c. ... 222n. Reflective mirrors 222 are positioned in a- configuration so as to directly reflect light traveling 
downward through optical fibers 220 back in the opposite direction through fibers 220. Such mirrors may 
comprise metal qr,other reflective material which is deposited directly on the fiber end. The optical fibors 
220 are approximately 1/2 as long as the rungs 110 of Figure 3. Thus, .the total optical path traversed bvan 
optical signal entering, one . of the optical fibers 220 and then reflected back throughthe optical fiber 220 

Z iirTnnS tanti Sl! y H 1 th l S T^ 33 018 * »9 ht deling through the corresponding 

rung 110 of the embodiment of Figure 3. ... 

At positions between adjacent optical couplers 108. the input bus 102 is configured to form a delay line 
which creates an optical path of a desired length., At least a portion of each delay «ne is exposed to toe 
environment. or ls,otherwise configured to.be susceptible to environmental influence, sp as to define a 
sensor for imprinting environmental Information on optical signals. traveling within the sensino oortion of the 
LTIT 02 " **! defl " ed * -the delay **.2*[*l^to.^J^£ t 

length difference between paths of optical signals reflected, through adjacent optical fibers 220 which 
cone^nds tothe optical path length difference between ; the arms of the compensating inte^meter 200 

9 £ ^ Si9na ' ^ ,eCt9d ^ mlrTOr 222 *™9 h fib8r 220 ^* ^ delay ar^ hmtfng 
portionjwice. the length, of each delay coll 224 as well as the length of each portion of bus loTXh^s 
exposed, to environmental influence should be approximately. 1/2, the length of thewrrespondtng deS coi s 
andjensor regions 105 of Figure .3, The number of optical fibers 220 and delay portion?224 are selected 
djfferent ,0 ^ 0 " a to b * stored, or the number I 

M : ™ 6 ^onshlp between the adjacent optical fibers 220 in this configuration 'corresponds to a 
^.chelson interferometer. For example, the portion of the device of Rgure S^ofined by ooS couole" 
^JjSSTffyS ^IT 0 ' ^ in ^"nation^thinput ^S15.2SSS£ 
224. and. optical fiber 220b and associated mirror 222b. define a conventional Mlchelson .interferomete; 
X£3 8d ^ ,he • 0Pt ' Ca, *" ^-^.communicated beck onto .Z*T3wSd' 

l£2^SSS^ "S.** !" a " d 235 ° f retum bus 207 to produce a series of^optiil sfgrS 
similar to those produced on return bus 114 of Figure 3.. whwv.tom 



More specifically, miration of the device of Figure 5, an optical puHoi is communicated from the 
fight source 100 and optical gate 101 through lens 103 to the optical input bus 10£ Although a portion of 
the optical signal 201 is communicated via coupler 104 onto return bus 207. the remainder of the optical 
signal 201 travels down input bus 102 and is partially coupled In each of the. couplers 106 onto Its 
associated optical fiber 220. In each case, the signal on optical fiber 220 is;reflected by the reflective mirror: 
222 so as to . return through the optical fiber 220 and again be coupled, through, coupler 108 onto the input 
• bus 102. These reflected signals travel along input bus 102 .toward the optical, signal source lOO and.are 
partially coupled through coupler 104 onto return bus 207. As a result, a string of. optical pulses 203 are 
communicated from the system onto the return bus 207.. Since each of the optical fibers 220 are half the 
length of the rungs 110 of Figure 3, and since the delay and sensor portions 224 are half . as long as the 
corresponding delay and sensor portions 105. of. Figure 3. the optical path of each of. the signals 203 on 
return bus 207 will correspond to the path length traveled, by the optical" pulse signals 203 of Figure 3. 

The optica! pulse signals 203 are communicated from return bus 207 into interferometer. 200 and 
processed in the manner previously described with respect to figure 3; The resulting signal detected by 
detector 212 from the output of Interferometer 200 provides a phase difference, signal representative of the 
environmental influence: on. the optical sensor located betweenthe two adjacent optical fibers 220. traveled 
by.the two optical signals combined In the. coupler 204 of interferometer.200.. ,- 

« will be appreciated that the embodiment^, figure .5 accomplishes substantially the same functionand 
operation as,the ladder. configuration of the-device of figure 3, but does It without the use of a return bus 
connected to each of a plurality of ladder-type rungs. However, the embodiment of Figure 5 does cause the 
optical signals to each pass through one additional coupler 104, since the input signal passes through this 
coupler after being coupled onto the input bus 102. and the signals reflected from the optical fibers 220 
also pass through that coupler 104. As a result, the embodiment of figure 5 experiences about' a 8dB loss 
In performance as compared to the embodiment of figure 3. . , 

The. embodiment of the Invention illustrated, in figure 4 can also bo modified by replacing the return 
ous 1 14 and sensing Mach-Zehnder interferometers with equivalent Michelson Interferometers. The embodi- 
ment for accomplishing this can best be described by refarence to figure 6. As with the previous 
embodiments of-the invention, this system also utilizes a pulsed fight source 100 which can comprise either 
a continuous wave laser whichis electronically or mechanically pulsed by, means such as an optical gate 
10 \ or trough use of a self-pulsed laser. In either configuration, the puteed optical signal -Is communicated 
from the seK-pu.ised optical laser 100. or the optical gate 101 through a lens 103 to an optical input fiber 
102. Posiboned on the input fiber Is an optical coupler 104 which Is connected to one-end of an optical fiber 

SEr^lST ^Jf? 207 18 0Pt,Ca " y :C0rm8Ct8d to a ""l»n«"ng interferometer 200 and then to an 
optical detector 212 which are substantially identical to the corresponding interferometer 200 and detector 
212 of the embodiments of the invention described previously. . 

_ Also positioned on optical Input bus 102 are a plurality ol optical couplers 108a. 108b. 108c 108n 
Each of «he. optical couplers is connected so as to couple optical signals from the input bus 102 to an end 
of an optical fiber 220a. 220b, 220c. ... 220n. Positioned on optical fibers 220 Is an optica, cc jer 2216, 
221b. .22lc .. 2210, coupling nght between the optical flber 220 and the end of a sensing amTSa 227b 
227c, ... 227n of. a . Michelson Interferometer. At least a portion of the sensing arm 227 of each Michelson 
Interferometer Is exposed to environmental influences, so as to sense those Influences- by chanSng fte 
S^SSL JX ^IL" 9 Wrth,n * eBm 227 to environmental influences: Tne otiTer anr o 

ti,e Michelson interferometer compnses. a continuation of the optjcalflber 22Q. and .is illustrated at 225a. 
S^Sr 71,9 °? 9f 9nd ° f e8Ch *■ arm5 225 terminated, by a connection frrafficft* 

^,222.,wh.'Ch are configured to reflect light received from arms. ^or Z^^mZo^^^ 

A- portion of the. Input bus. 102 between . pairs of couplers 108 may. extend to whatever tencrth is 
necessary in : order to position the sensors In their desired sensing locations ; . ■ 
«J?nTM k !, th - ' 8 ! Stem " S*" 9 6 e ^ ivalent t0 *e embodiment Illustrated in. figure 4. tho length of 
iXSll 0n,eter i r S f 5 227 8h0U ' d b9 W^ately ,1/2 the length of. ccnespondingSno 
SSSStTtT ~c 117> r6SpeCtivel ^ of R 8ure 4. In this configuration, .tiie opticS S 
tansmltted imo the arms 225 and 227 of the sensing Michelson interferometers and reflected back- through. 

201 ir^ 0 "'? 8 ,"?^ tm 100 8nd optica, 0 ate 'Ol communicate via lens 1.03 a pulsed' optical signal 
couo te M0^ 0 nTSi ^ , A T 01 *• «** 5i ° n8 ' ^ .'^communS I S 

US and £r£™ «£l < "* °" "S" m ^ port * on of pu,se 201 travels down bus 

102 and portions of this s.gnal are coupled, n each of the couplers.,108 onto optical fibers 220 and into the 



associated Mlchelson iflfcrometers defined by arms 225 and 227. ^) signals reflected from those 
Michelson interferometers are again coupled via couplers 108 onto the Input bus 102. with each inter- 
ferometer producing a pair of optical pulse signals 205a, 205b, 205c. ... 205n for transmission onto input 
bus 102. The optical signals 205 are coupled in optical coupler- 104-onto return bus 207. from, whence they 
pass- into the.Mach-Zehnder interferometer. 200 and are processed in the manner previously, described, wflh 
respect to figure 4. As with the system of Figure 4. the optical signal detected by detector ^.comprises a 
phase difference signal representative of the. environmental parameters Influencing the sensing arm. 227 of 
the Mlchelson interferometer which produced , the pair of optical signals 205 .currently combined in the 
output from interferometer 200. 

As with the embodiment of the device illustrated in Figure 4. the embodiment of Figure 4 permits 
positioning 'of the sensing interferometers at any desired location .such that spacing between adjacent 
couplers 108 Is sufficiently great so that optical signals 205. coupled onto bus 102 by a given- coupler 108 
do riot overlabor interfere with optical signals coupled onto bus 208 by other optica! couplers 108. 

The presence of coupler 104 on the input bus 102 comprises one additional, coupler which the optical 
signals must pass through as compared to the embodiment of Rgure 4. Accordingly, toe system of Figure 
6 suffers approximately a 6dB loss in performance as. compared to the performance, of the embodiment of 
Figure 4. 

In the- embodiments described thus far. the compensating interferometer. 200 is optically coupled to the 
return bus 114. 'However, the coupflng interferometer 200 could.also be optically coupled to. the input bus 
102, between the optical signal source 100 and the first optical coupler on tne bus 102. That "configuration 
would produce substantially the same results as the configurations described above. 

One example of an embodiment of the device which Includes the compensating Interferometer 200 
positioned en the input bus 102 may be described by reference to Rgure 7, The embodiment of Rgure 7 
comprises the embodiment illustrated In Rgure 3. with the compensating interferometer 200 repositioned 
such that the optical signal communicated through lens 102 is coupled Into the Input of Interferometer 200 
btsTo?' Interferometer 200 is optically coupled in coupler 204 to the optical input 

With the compensating interferometer 200 located on the Input bus 102 in Figure 7, the return bus 114 
Is directly coupled to detector 212. Except for the changes described above, no further modifications ofthe 
device as configured in Rgure 3 are Included in toe embodiment of Rgure 7. 

„„ ,n [TT 1 ? 0 ' Tn^ 081 PU ' Se 201 b C0ITinnunicat9 d from the right source 100 and optionally the optical 

EEJ l ol J?, *? ' nPUt ° f ""t" 201 A P 0 * 0 " 0f "P** 1 $* n * 201 is arm 208 of 

interferometer 200. while the remainder of pulse 201 travels through arm 208 of the interferometer 7 . The 
pulsw. from arms 208 end 200 are coupled on to input bus 102 In coupler 204. The result of this coupling 
» J? ^ "T* 241 ^ iCh ™P™ *W bus,102 in the same manner as 
tSl^JZZ f'JZl"*"?* , lUStrat * in R S ure 3 - Specifically, a portion of each of the pair of 

or^r^tlhi * ?*, * 9 ?* * Pr0pa9ate ,hr0U9h ***** arms 110 "^responds to the 
l^JTn ZTu^r^ 0i fntBrf ![ 0metBr 200 ' *° P* of signals 241 returning on bus 114 from 
propagation through adjacent arms such as 110a and 110b are combined in their associated common 

£™ LSS r ° 0UPler l 12 t 3 re5Ult 0f m ^P"" 9 ' **** P ortions ° f the pulsed signals 241 which 
have traveled the same optical path lengths are coherently coupled to form an output signal 243 
the SSSl^S^J difference signal representing the environmental effects which influenced 
"rfT! 0 L?' 9nal 241 ""^ throu9h *e censor region.105 of the optical path defined 
througlvam, 110. As is the case In the embodiment of Figure 3.. only one of the signals which are 
f^T, 00 ^ i0m P" 389 m ™™ sl9nal 243 '"veled through the sensing regton 10? 
^to 9 ~ZT 0 r * * Si9 °* 243 ^ rB -~ « * mtJLZZZ 

toeje^e^^ 

on «2S T? P SS' C8d bV the emb0£limert °< F v™ 7, with compensating interferometer. 200 positioned 
ZZJSt p S ^^T^"^ * 0,6 ^ults obtained from the embodiment of thTsystom 
" ?' Wfth , ^ 8enS,nB interfeTO ™ter 200 positioned on the output bus 114. iSS 

f 8 "^' r8SU,lS 8,8 ° btained other embodiments of the invention «S toe 

compensating interferometer 200 is positioned. on the Input bus 10* rather than on the ouS bus m 



In each of the conflg^a^ons of the present invention, the compensatinfBlerferometer 200 is preferably 
shielded from environmental conditions which may influence the phase of fight waves being transmitted 
therethrough. In addition, such environmental shielding can be-used on the non-sensing arms 115 and 225 
of the embodiments of Figures 4 and 8, respectively, as weir as on the non-sensing portions of sensing 
arms of all of the embodiments particularly when these arms are very long. Use of shielding, as described: 
ebove will increase the sensitivity of the system, although such shielding is not required for system 
operability. No other shielding for this purpose is required in these systems, since the systems are 
environmentally insensitive except In those portions of e system where signals to be combined in the 
compensating interferometer are traveling In different paths. This insensitivity Is due to the fart thBt in 
optical signals In the system which are communicated along a common path, environmental influences 
affecting the light signals In the common path will not produce any changes in the phase difference 
between the light signals In those paths. Changes in phase difference will only occur when the light Is' 
traveling In different paths, and then only in the sensors and portions of those different paths which are 
affected by influences such as environmental effects. • 

Each of the configurations of the invention described herein comprise a representative embodiment of 
the invention. It will be appreciated that these configurations can be expanded as necessary by adding 
further couplers and associated sensing sections in the repetitive configurations Illustrated. 
«, J JaS !? t 0n ab ° Ve de6cri P tl0,, • 11 becomes apparent that each of the embodiments of the invention 
disclosed herein defines a distributed sensor system which is lead insensitive, and therefore requires only a 
minimum amount of environmental shielding. These configurations also describe an all fiber-optic sensor 
system which is free from both source phase-induced intensity noise and crosstalk between sensors 

It will be noted that each sensor has a free end from which light may escape. Although this introduces 
loss. It Is t not a serious/problem since, even for a large number of sensors.: power loss can be kept relatively 
modest by property selecting the coupling constants of the directional couplers; The method for selecting 
these coupling constants is explained in detail hereinafter. ^ 



Selecting Coupling Coefficients 



) An. issue relevant to the design of a coherence multiplexed distributed sensor system, Id. the proper 
selection of coupling coefficients for the various directional couplers used in the system. As used herein 
me term coupling coefficient- Is defined as the power ratio of the coupled power to the total output power' 
For exemp.e. referring to Figure 2. if light is applied to port A, the coupling Efficient would be equal to me 
ratio of the power « port 0 to the sum of the output at ports B and D. 

' M JU ?JS ,natt0n 01 C0U ?" n9 C08fflcien,s to °**d In part on the intuitive requirement that all 
11 ?nC,n{ ! 6qual envTOnm8ntal modulation applitudes should return signals of comparable 
strength to the central processing location. . H 

Using me embodiment of Figure 1 as an example, assume that there are N sensors 100 Number the 
sensors wrth an Index J running from 1 to N, starting with j = 1 for the m^**J^%^w 
m tZZSTF*" m ' ^ P° wer "»™*« for me coup^lOS and 

me in S • 8nS ° r , 1 b9 5' 80 ** a frBCt,0nal P0,ton * **»:«"» P° wr * transferred baleen 

the two fibers In the coupler, and an amount of cower 1-k. husk *T*\«ht , " 

beingc.upled.,!^^^ 

*. ISXTZZ tH8t " 9ht ^ across fibers In ,the, couplers 108 in.ordeVto oet-from 

1.1 TnZ^X m 50 ?'" 9 fib8r 110 ^ * * e retum ^ »<. Mou g * me sltuaSon ould. u^« 
S S Tr-T? ^ m ^Jwlllhave suffered loss from, couplers 1 through j on boti >m 
« T ^ . U l 1 ^ C ° Uplere t mjr0UBh H *■ h8ve 8 transmission 1-k, for bom me input 
a^ return couplers 108 and 112. respectively, and me two couplers at sensor J will have a treZissfon T 
Hence, me power returning from sensor J to me receivers 1 20 is given by ™sm.ssion * 



where P ta is me power being sent to the sensor array. Setting P,., ™«w ■■ Piir Mt is *> at 'L 
coupling coefficients are related by k,„ a k/(l.R,). o, eiivaTntly. *" 





(3) 



5 



The last sensor does not really require, any couplers since no. power Is needed for the later sensors; 
hence' one can- set ^ = 1. Together with the recursion relation, just derived, this implies that the; coupling 
coefficient for the couplers of sensor j is just 



70 



k. 




1 



This. In turn; means that the total transmission P^u^/Pm is the same for every sensor, as expected, and is 
equal to 1/N*. The factors of 1/N appears because the input power has to be split up among N sensors. 



The Pseudo-Heterodyne Technique for Preventing Signal Fading 

Signal fading is a significant problem for all Mech-Zehnder type sensors. One solution to this problem is 

M to heterodyne the signal by introducing a frequency shifter into one arm of the receiver, in the manner 
described previously with respect to the embodiment of Figure 1. 

While conventional heterodyning provides one method for avoiding signal fading and for distinguishing 
between signals in the desired frequency range and lower frequency environmental effects, this approach 
has the disadvantage that It requires the use of frequency shifters, which often, comprise bulk optics 

2 5 devices. Such devices can be. bulky, Increase system loss, degrade efficiency, and can be costly. 

An easier and less expensive method to avoid signal fading is a pseudo-heterodyne technique which 
requires no bulk optic devices in the optical path of the sensor system. The technique is defined in 
connection with fts application in a fiber-optic gyroscope In B. Y. Wm end H. J. Shaw. -PhasthReading Alt- 
Rber-Optic Gyroscope." Optical Latere , Vol. 8. Page 378. (1984). The technique is also disclosed In 

j„ connection with its application in a fiber-optic gyroscope In co-pending United States patent application 
Serial No. 603.630 entitled 'Phase Reading Rber-Optjc Rotation Sensor,- filed April 25. 1984. and assigned 
to the assignee of this present application. Both the above referenced paper and patent application are 
hereby incorporated herein by reference. 

The application of the technique to the distributed sensor of the present invention can be described by 

as reference to Figure 8. The sensing system, optically coupled to the modulating system of Figure 8 can 
correspond to any of the systems illustrated In Figures 1, 3,4. 5 and 6. This technique also holds for the 
configuration of Figure 7. wherein the optical signals are received by detector 212 directly from return bus 
114. Thus, only the compensating interferometer which is optically connected to those sensing system is 
specifically illustrated In Figure 8. 
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The gates 304 are aftonnected to a signal generator 308 which riftces a sinusoidal signal at a 
modulation frequency f„, . This signal controls periodic production of the square wave In the gate circuit 304. 
The signal generator 308 is also connected to a phase modulator 310 which is positioned In optical 
communication with the arm 208 of compensating interferometer 200. The phase modulator 310 is 
controlled by the signal generator 308 which causes the phase modulator' to produce a phase modulation 
signal at the modulation frequency V 

• . Since the equipment connected to each output channel from switch 300 functions in an identical 
manner, the operation of. the equipment of a single channel will be described for example purposes, ft' is 
noted that the optical signals in the system of Figure 8, propagate- and interfere in the manner previously, 
dpscnbed wrtii respect to the embodiment of Figures 1, 3, 4, 5 and 8 except as is otherwise indicated 
below. The description herein also, applies to the embodiment of Figure 7, wherein the phase modulator 310 
is positioned on arm 208 of the Interferometer 200 or input bus 102: Specifically, the light in arm 208 is 
phase modulated by the phase modulator 310, which is driven at a modulation frequency corresponding to 
the operating frequency of generator 308. As a result, the Intensity of the output signal' from coupler 204 
which is received by detector 212 is modulated, and the resulting electrical output signal from detector 212 
contains components at the phase modulation frequency f„ and its harmonics, as indicated' by the following 
equation: ...... « 

^^„* f? , f!" ; Sr ,t ^..Ocosan^t} 
cos<A^n tta t + A«.-{2 I J^,(A« fl Jsln(2n.1)« m t}sin(A^in« fl .t + A* jj (S) 7 
where C is a constant n * 1 
J„ denotes the nth order Bessel function; 

A* m Is the amplitude of the phase modulation between the light waves In arms 208 and 208 due to the 
phase modulator 310; ..... . 

«m° 2*f m ; 

A+. is the amplitude of. the phase difference between the light waves in arms. 208 and 208 produced oy 
external acoustic signals: y 
ua B 2wf e ; and . . 

A*. Is the amplitude of the phase difference between the light waves in the arms 428 and 554 produced by 
slow changes in the environment 

Equation 5 Indicates that the output from detector 212 contains terms Including: cos(A<v.sin « B t "2 w> 
and sin (A* a sin «,t * A*.). However, these cosine and sine elements are at drfferentfrequencies. 11 these 
£ TZZr ^SJTf T""?' " Hh ** PhB88S ^rature. well-known trigonometric rules could 
be applied so. that the signals could be added directly to obtain a single, low frequency., sinusoidal signal 

rZT^uT'T 3 *Jf?* n - m * + SUCh 8 ™ b.^S.h the system of 

X! I T modu,a,ion - ^P^ 8 modulation, simply involves making the amplitude 

atonal ******** fr0m d8tect0r 212 vwv '" accordance with the amplitude of a modulating 

When the > output signal from detector 212 Is amplitude modulated by a modulating signal having a 
frequency which Is an odd multiple of the phase modulation frequency (f„) (which is also S* differed 
ttSE?< T*" > * from £E 212 wh* 

1^11 tranS,ate,1 ,m ° * 9 frequBnc,e8 of ite " ei 9h°ors. In other 

words, through amplitude modulation in this manner, sideband frequencies are created at h a rm«ni^ 

SJSSaS^^ ***** - 

signal at the corresponding frequency, and are readily, identified by use of a spectrum analyzer 

^.These and other. characteristics of amplitude modulation are generally known to those skilled in the art 
EST H^if in R * Stnml9r ' lntr0dUCtion S Communication 

neighbor,. Tp prevent interference in the present sensor system. It is desirablfoS rlT^urtSSS 
than f. (the frequency* acoustic signals which are being detected) 9 
In operation the optical signal in arm 208 of. compensating interferometer 200 is phase modulated at a 

Se Jn^tt ! * Jo (fte m< * uMon <"*<»ncy.) is much greater than the acoustical frequency^ 
The signal, from arm 208 passes through coupler 204. where, it is mixed with the signal from ^ ZOS 



producing an intensity Ablated signal due to the phase difference whftl^fepassed to detector 212. From 
detector 212. the intensity modulated signal due to the phase difference is communicated through the 1 to 
N switch to amplifier 302 where the signal is amplified and then transmitted to the conventional electronic 
gate 304. 

Gate 304 functions in response te a signal received from the frequency generator 308. causing gate 
304 to produce a square wave amplitude modulation of the signal received from amplifier 202. When 
modulated at the appropriate phase with respect to the AC detector current, and with the appropriate choice 
of A$ m , the amplitude modulated signal of this embodiment may be defined as cosing r (A*eSin » B t + 

A$g)]. . ..... ' \ " 

With respect to the appropriate phase and amplitude for modulation. It is noted mai due to the 
trigonometric relationships between the waveforms In coupler 204. amplitude modulation at even harmonics 
of :f m would not produce coupling between adjacent harmonic frequencies.. Rather, amplitude modulation at 
even harmonlcs.of f m would result in the even harmonics coupling with even harmonics. aniodd harmonics 
coupling with odd. harmonics. This situation is generally understood by those skilled In the art. and the basis 
for this condition, may be more fully understood with reference to. the Stremler text which has been 
incorporated herein. These problems are avoided H amplitude modulation at the odd harmonics is utilized. 

The output from gate 304 Is communicated to the spectrum analyzer.. 306 for processing: ft is noted that 
spectrum analyzers 306 incorporate a band pass filter- for selecting and analyzing particular components of 
signals If such a band pass fitter, centered on 2^. were placed on the output of the gate, and if the 
amplitude of the phase modulation A^were chosen appropriately, the filter would pass a signal of the form- 
* % K L X J^*^ 2 ^'**** + & J ^*a)[cos(2(^^ 8a jt-A* fl )+cos(2(^ + n» 8 )t.^ a )3 
+ I. ^i(A«J[cos((2^K2rHl)^t-A* a >^s((2^+(2n-1)<» a )t-A« a )]}(6) 

wnere k is a constant which does not influence the Identification and evaluation of phase shifte occurring in 
the sensor at particular frequencies.. . . , . . 

By putting the, demodulated signal from the gate 304 into the spectrum analvzer 306. the height of the 
Bessel function sidebands around the second harmonic of the modulation frequency can be measured by 
use of techmques which are well-known in the technology to give the phase shift in- the sensor at a 
particular frequency. Altematively. for a complicated signal, an FM demodulator could be used. In that case 
the measured signal would be the derivative of the phase rather, than the actual phase, or alternatively an 
integrator could be used.to produce a measured signal representative of the actual phase 

Optionally, gating of the system of figure 8 could be accomplished optically rather than electrically by 
utilizing at least one optical gate, such as a shutter, positioned between coupler 204 and detector 212. or on 

Z,^n r irn 9 W T tern ^h" 9 *" 0PtiCal P3th where 3,1 ■■8« trave, « «*» as input bus 102 

baleen tha fight source 100 and optical coupler 108a, of Figures .1, 3. 4. 5 or 6. or optical fiber return bus 

Xnto^ZX ^ ? ^ im0ntS * 0,050 fi9UreS ' " » B were po*Lad 

tTlZ'TtSTT ' ** 8h0U,d 08 COntrol,Bd by a 8t 8 ftwcy f. so that the 

S ^r^ntti? Tr W0U ' d * amp,itUd8 mCdU,ated * '^quency Jn awropViate phase 

t&ZZ'ZSS, 'h h? "* reSPeC,S • 0,8 UW ° f 0p6C * 98tin0 W0U,d 8 substantially 

identical to that descnbed in connection with electrical gating. 

of Rou^^T 10 ^ 0 ! 1 !!- embod,m8nt °' R9urB 3. InPludlno.the synthetic heterodyning configuration 
viS J T T ^ "* **" * 8valua,e its Prance. The organization of this ZplifiS 
version may be descnbed along with the results of the evaluation.,by reference to Rgure 9 l£ tee 

£' !f n T T ? ! COr,Dnuous ^ve 820 nm light This light was communicated trough a lens 
4J0 and a conventional optical isolator 402 to an acoustooptic Brago ceil 404 corresponding to optica^ I aZ 

inputcurrent to the teser. in order to avoid modulation of the laser spectrum 

408^^:^ l8 " S W8 » « *> ^ .input bus 

a we ^ i : transm,tted *rough a first fiberoptic Mach^Zehndennterferometor 410 having 

co^oZz f ^ rr T" d,n 9 t0 1108 <* Rgure, l Ukewlse. the arm,4l4 of imerferometer 4 ? 
STS* «ff Pa ^Jf" sm d8fin8d ^". coupler 108a and -112a. for the signal ^sing 

IrlrL . « , embodiment of 3- •nterferometor 410, additionally included aThase 
Tt Z ^ ° P 1 C ° nt8Ct " hh m 4,4 0f *« '"terfe^ter. Phase modulator 434 was provided 
lS^ 8C0 1 i S^, ^ Si9na, • A SiBn81 ^"a^.tor producing the phase .mod.uiat.on I moduSor 434 is 



Interferometer 410 j^included polarization controllers generally inf^ed at 446. These manually 
adjustable polarization controllers were used to overcome polarization induced signal-fading for the 
associated sensor. The. polarization controllers correspond to those which will be described hereafter. 
Optionally, polarization preserving or polarizing fiber can be used to form the optical fiber.waveguides in the. 
system; removing the need for polarization controllers 448; 

• Optical couplers 430 and 432 were positioned on the input- bus 408 to couple optical signals, between 
that input bus and the arms of the Interferometer 410. Couplers 430 and 432. as well as all other couplers in 
the system, comprised tunable directional couplers of the type described previously herein. 

From the output of Interferometer 410 the optical signals. were communicated to another interferometer 
420 which conesponds to the interferometer 200 of Rgure 8. Particularly, arm- 422 .-of -Figure 9 corresponds 
to ami 208 of-the Interferometer 200 of Figure 8. Likewise, arm 424 of interferometer 420 of Figure 9 
corresponds: to arm- 208 of the interferometer. 200 of Figure 8. The optical, interferometer 420 comprised, 
optical couplers 438 and 438 for coupling optical signals received from interferometer 410 between- arms 
422 and 424 of the Interferometer 420. In addition; a phase modulator 440 was positioned in optical contact 
to the arm 424 of the Interferometer 420. The phase modulator 440 was used to generate relatively high 
frequency modulation at the rate of approximately 30 kHz for the synthetic-heterodyne demodulation 
technique employed evold signal-fading caused by phase drift 

The optical path difference between the arms In Interferometer 410 corresponds to the optical path 
difference between the arms of the interferometer 420. In the experimental case, this relative optical path 
length time delay between the arms in each Interferometer was approximately 230 ns. 

Matching of the path Imbalances of the two Interferometers is Important To Insure that phase-induced 
intensity noise does not arise to a measurable level on the signal pulse, It is necessary to match the optical 
path length (difference of the sensing .interferometer 410 and of the compensating Interferometer: 420 to 
each other so-thatthe amount of mismatch Is less than a. small. fraction. of >the coherence length of the light 
source .100. The accuracy with which fiber lengths can be matched constitutes a practical limit toithe 
coherence length.of the optical source which may be used In these distributed. sensor arrays. Measurement 
of the path differences In the evaluation system of Figure 9 was accomplished by amplitude modulatihg a 
laser diode and determining the characteristic frequency of the filtering of each Mach-Zehnder individually 
, In. order to. equalize the path, differences, a technique tor taking smail tengths of fiber from one arm of 
an Interferometer was required. This was accomplished by using capillary tubes to hold the fibers for 
splldng^nd then grinding down and respllcing the capillary tubes containing the fibers when adjustment of 
the length was required. The capillary tubes were polished at an angle, to minimize reflection back into, the 
laser, which would affect the laser apectrum. The isolator .402 was placed between the laser and the Bmg B 
£ h * TZU"%?* ref ! ections - M fib8 * In the system comprise Coming single-mode sensor 

(high NA) fiber. The signal generator, for producing tho modulation in phase modulator 440 is Illustrated at 
444. Interferometer 420 also included manually adjustable polarization controllers generally indicated et 448 > 
for overcoming. polarization Induced, signal fading for the associated sensor. . ■ . 

The output from interferometer 420 was communicated. via a lens 450 to a Bragg cell 452 which was 
S^lrtS^^"* ^JS?-** *• ^ of output pulses received from interferometer 
420. This Bragg cell.452 was connected via a delay line 454 to a pulse generator 458. Pulse generator 456 
was also connected to Bragg cell 404. Thus. the. pulse generator 456 -functioned to cause operation^ boto 
SXTe s^r Br8 " - * - ^~u,y wlte Bragg eel, 

corre^^^ 

electronic gate 482 corresponding to gate- 304 of Figure 8,The : gate,462 was conn8cted^ia.delay,|in7484 
T^affiffi^S 10 ^ onlM ^ Sate.462 .tothe phase modulation signal. from generator^ 
m of Figure t 98 ^ PrOV ' ded * * *<»^ ™«Y™.™ corresponding to speLm. analyzer 
^ me amplitude of the phase modulation for the synthetic heterodyne demodulation' adjusted to be 

^ ' T ! ° th& S9C0nd ham,0rilC ^ naJ ™»ived'.in. the spectrum analyzer 4ee5om 
gate 482 reflected the. optical phase difference between the interferino optical waves Ths nJn«LZ J** 
signal is independent of the optica, phase, difference , ieading.to " iZXZSZR ^ ™* n W 9 «** 
The minimum detectable phase shift in the sensor was ascertained by measurino the sinn^nni^ 

To calibrate.the phase modulation amplitude induced >y phase modulator 434 on the optical *bt2 the 
yottege corresponding to 3.83 radians was measured at each ; signal frequency. Voltage at ffiSR** 



the first Bessel functio^feje band. The sensor sensitivity was measu^^Wh the repetition rate of the 
optics! input pulses set at 1.48 MHz. corresponding to 3 times the optical path length difference in the 
interferometers 410 and 420. In this condition, no pulse was generated which contained phase-induced 
Intensity noise. With the repetition rate of the optical input pulses set at 2.18 MHz; •corresponding to 2 times 
the optical path length difference of the interferometers 410 and 420; the non-signal bearing pulses, emitted 
at different times from the source, overlapped and generated phase-induced intensity noise in the pulses 
which were discarded. : 

In both sets of measurements, the sensitivity of the system was below 40 uradA/Hz over a broad range 
of frequencies. The results of the first set of measurements are plotted as O's in figure 9. Likewise, results 
of the second set of measurements are plotted using thasymbbl X in figure 8. ■ • - \ . 

The fact that there was ho significant difference In the serisitivhy of the system in the two cases 
demonsfrates that the signal pulse is well separated from the pulse which contains phase-Induced intensity 

2?' I^f n ? t,vity ^ f0und to ^ ,lmited by * 8 elec&on, c noise in the signal processing electronics 
480 and 462. 

■ Irranpthefset of measurements, an electronic switch was su&rtituted for the second Bragg' cell 452 
Sensrtvrty was again measured in this configuration, with the results indicated as A's in figure 9: these 
results indicate that there was no significant difference in the sensrbvrry resulting, from the two types of 

The Polarization Controllers 446. 448 

M rT^Zl^^ T*? SUftab,B ,0r 086 m *" sensor system of the present.invention. such 
SJJl fS^Sl \° i"™ 'I ,llustrated ln R 8 ure 10 - The controller includes a base. 570 on which a 
i 9 . S 8 5728 thr ° UBh 57241 319 counted. Between -adjacent ones of the blocks 572 
™ L YlZT*^™™*" °" 3haft3 5768 tt,mu » h ™*> ^vely. The shafts 

^rZSKS. , „ "™ m0unted I**"™ the blocks 572. The spools 574 

are generally cyfindncal and are positioned tangentially to the shafts 576 

0 f «k. ZT.!"™ Tl* "J! f 510 , 8Xt8ndS 9vouQh 8X881 in *** 578 and is wrapped about each 
5 0 it Sifi^ Sif h t B7 * ^ 578c. The radii of tine colls 578 areTch that the fiber 
JI U^S . - mBdium in each of the coils 578. The three coils 578a through 578c 

'£ t^SSJST - ^ 0th9r ■ bo *- 1h *«* of *° *-«• 574a through 574c. respite 

adKJSt the birefnngence of the fiber 510 and. thus to control the polarization of the light passing^ugh ihe 

a 8 ^! 1 d l a T ,e ^ d ° Umb8r ° f tUmS in ** 578 818 ■** *e outer coils 578a and 578c provide 
wav^h Thfn^^,^ 18 " 9 *' Wh " 9 *• 00,1 5™ P^ 85 8 spa**' S 

n^ tS^hV^l^; 90 ' 00113 5788 Bnd 5785 COntro1 •» 8fi P^lty of the polarization and the 
toSSZSSi 7L"**J" directton * Polarization. This provides a full range of adjustment 5 
the polarization of the light propagating through the fiber 510. w ■ 

ft will be understood, however, that the polarization controller may be modified to provide onlv the two 
garter wavo coils 578a and 578c. since the direction of polarization (otherwisTpL^^ 

"fZ 10 1 ^Z^^Tt AcCOrd,n 9'y- mB Potation controllers 551 and 557 are shown 
I oC Z of TISoZ b^T^ CO,,S 5783 3nd ^ SinC8 Ws ^figuration reduces 
PWe^invln^^r **' " * » ~" - - 

control^ S-SEE n?&^J!rjT^J? ,i "' *-'-«~-™*^ and 
^eterel,,^ 

Summary 



free from signal fading, snrce phase-induced intensity noise, crosstalk rJ^Pen senscrs. and downlead 
senstitivity; (3) providing such systems which permit accurate sensing at remote locations without envi- 
ronmental shielding of the leads; (4) providing for heterodyning of optical signals in a straightforward, 
economic, and optionally aMber-optic manner which produces accurate and easily analyzed information 
signals for Identifying environmental Influences affecting the sensors: and (5) providing the option of all- . 
fiber-optic sensor array systems, which do not require the use of bulk optics or of. electronic equipment at 
the sensor sites. 

The invention may be embodied in other specific forms without departing =from its spirit or essential . 
characteristics. The described embodiments are to be considered In all respects only as illustrative and not 
restrictive. The scope of the invention is, therefore, indicated by the appended claims rather than by the 
foregoing description. All changes which come within the meaning and range of equivalency of. the claims 
are to be embraced within their scope. 



1. An apparatus for remotely sensing environmental effects comprising: . 
a source of pulsed optical signals (100); 

a first optical waveguide (102) optically coupled to the signal source; 

an environmentally sensitive waveguide segment (11 Ob) optically coupled to the first optical waveguide, 
said sensitive segment Influencing optical signals propagating within said sensitive segment In response to 
a particular environmental condition; 

a second optical waveguide (110a) optically coupled to the first" optical- waveguide in a configuration such 
that the second optical waveguide (110a) and the environmentally sensitive waveguidesogmero(HOb) from 
at least portions of arms of a first unbalanced Interferometer;. and 

a second unbalanced Interferometer (200) optically coupled to the first unbalanced interferometer for 
receiving optical signals from said first interferometer, wherein the second interferometer (200) provides a 
pair of. optical paths. (208. 208) having an optical path length difference which substantially matches an 
optical path length difference defined by the first Interferometer, such that the second Interferometer (200) 
combines optical signals received from the, first interferometer to form a phase difference output signal 
representative of environmental Influence on the environmentally sensitive .waveguide segmental 10b). • 

2. An apparatus for remotely, sensing environmental , effects as defined in claim 1, wherein the 
environmentally sensitive waveguide segment comprises a portion (105) of . the first optical waveguide (102). 

3. An apparatus for remotely sensing environmental effects as defined in clBim 2, wherein theW 
interferometer comprises a third optical waveguide (110b) optically coupled to the first waveguide (102)' at a 
location such that the environmentally sensitive waveguide (105) is located between the coupling locations , , 
of the second and third waveguides (1 10a, 1 10b). 

4. An apparatus for remotely sensing environmental effects as defined in claim 3, further comprising a 
fourth optical waveguide (114) optically coupled to extend between ends of the second and third 
waveguides (110a, 110b) which are opposite from the ends coupled to the first waveguide (102) and 
wherein the first Interferometer defines a first optical path through the second waveguide (110a) and a 
second optical path through the environmentally sensitive waveguide segment (105). and the third and 
fourth, waveguides (110b, 114). : 

5. An apparatus for remotely sensing environmental effects as defined in any of claims 1-4 wherein the 
optical, signals combined in the second interferometer (200) include only one optical signal which propa- 
gated .through the. environmentally , sensitive waveguide segment, thereby making the phase difference 
output . signal, directly .representative of environmental conditions Influencing said optical signal as it 
propagated through said .environmentally, sensitive waveguide segment. 

6. An apparatus for remotely sensing environmental effects as defined in any^of claims 1-5 • wherein, the 
source of pulsed optical signals (100) comprises a short coherence length fight source. ' , 

7- An apparatus , for remotely sensing environmental effects as defined in any of claims ' 1.-6 further 
compnsing means . (101) for controlling, the. source, of pulsed optical signals. (100) so that optical' signals 

2X? * ~? PUlS8 ^ *** S|0 " al interfere * the first Interferometer with 

optical signals produced by a second optical pulse from said signal, source (100) 

.8 An apparatus for remotely sensing environmental effects, as defined .'in any of claims 1-7 further 
< 101 > for synchronizing production of said pulsed optical signals so that a last signal 
reaching the second interferometer (200) from a first pulsed .optical signal is spaced from a first signal 
reaching the second Interferometer (200) from a second pulsed optical signal by.an ^-wZfZu 



last and first signals to ^lombinsd in said second interferometer (200) ^fctain a phase difference output 
signal between those signals and to provide for a substantially conSous duty cycls in apparatus 
operation. 

9. An apparatus for remotely sensing environmental effects as defined in any of claims 1-8. wherein the 
first interferometer receives e single optical pulse signal (201) from the signal source (100) and provides a 
corresponding pair of optical'pulse signals (203) to the second Interferometer (200). 

10. An apparatus for remotely sensing environmental conditions as defined in any of claims 1-9. further 
comprising:. 

a detector (212) optically coupled to the second interferorneter (200) for forming* an output which 
corresponds to the phase difference of the combined optical signals; arid 

a circuit (Figure 8) for ampDtude modulating the output to produce a first signal having' selected harmonics 
which contain both sine, and cosine components of the outputs, thereby providing for analysis of the output 
signal to Identify, environmental effects Influencing the environmentally sensitive waveguide segment 

11. An. apparatus for remotely sensing environmental conditions as' defined in claim 10,. further 
comprising:. .... 

a signal generator (308) for providing a phase, modulation signal at a. selected modulation frequehcy; " 
a phase modulator (310). responsive to the signal generator (308) for phase modulating the optical signal in 
one of said waveguides at the selected modulation frequency; and 

wherein the . circuit (Figure 8) functions to amplitude modulate the output at the selected modulation 



12. An apparatus for remotely sensing environmental effects as defined In any of claims 4-11. further 



a plurality of sensing regions (105) located In spaced relation in the first optical waveguide (i02)/eacfi of 
said sensing regions (105) being sensrSve to an environmental-effect so as to influence optical signals 
propagating in said sensing region (105) In response to said environmental effect, 
a plurality of optical waveguide segments (110). wfflveach said optical waveguide segment coupled at one 
end to the first optical waveguide (102) at locations separated , by at least one sensing region (105) from 
other optical waveguide segments (110), and with each said optical waveguide segment (110) coupled at its 
other end to the. fourth optical waveguide (114), whereby each adjacent pair of optical waveguide segments 
(110) respectively comprise at least a portion of a pair of arms of an unbalanced optical interferometer 
defining an optical path length difference which substantially- matches the.path length difference of the first 
and second: optical paths so that optical signals from, each of the unbalanced optical interferometers are 
combined, at different times for each Interferometer; in the . second, optical interferometer (200) to form 
phase difference signals representative of environmental influence on the environmentally sensitive segment 
(105) of the corresponding unbalanced mterferometer. .... '.. * 

13. An apparatus for remotely sensing, environmental conditions as defined in any of claims 1-1 3 
further comprising: • 
a plurality of fiber-optic sensing interferometers. (110). each said sensing Interferometer defining a pair of 
optical paths (109. 115). and at least a portion of each said Interferometer having light transmission 
characteristics which vary In response to .environmental conditions, with each said sensing interferometer 
having npirt and. output terminals which are optically coupled together to form a ladder network, said Input 
terminals being optically coupled to the source Of pulsed optical signals (1 00)- and 
wherein the second unbalanced ir«terterometer. (200). comprises, at least one fiber-optic compensating 
Interferometer (200) optically coupled to the output terminals of the sensing interferometers and defining a 
pa-rof optical paths (208. 208) whose optical path lengttv difference substantially matches an optical path 
^ difference of the pair of optical paths (109. 115) in a. selected sensing interferometer, such .thai 
portions o a puteed optical signal (201) transmitted from the optical signal source (100) through the sensor 
system will, coherently , couple at an output (204) of the compensating, interferometer (200) providing an 
optica I signal, representative of conditions causing change In light transmission characteristics of said 
selected sensing interferometer. 

Mlr ^'tS^t f enso i 5ystBm . 83 deflned in clah " '3. wherein the !P am tengtii difference between the 
pair of optical paths In each sensing interferometer substantially, equals the optical path length difference 
between the.palr of.optical paths in the compensating interferometer (200). . °™™ce 

- 15 *, An M fPP^ atus for remotely sensing environmental effects as defined in claim.3. further comorisina- 
235 s . ^ 0 2 ea «y C0u P l8d to «» °»« ends of each of said second and third optical waveguides (220a, 
S«Li ra S n ^^ Si9nate . fr0m Sald 86600(1 ^.thlrd.wavegulde back. into said second and third 
STKl ^? F? ? ** md SeCOn ' wa W ittes 002. 220a) and associated reflecting means (222) 
form a first optical signal path carrying a portion. of,a pulsed optical ..signal from the.first optical waveguide 



(102) into the second op Aravegufde (220a) until reflected back into th A waveguide (102) and such 
that the first and third waveguides 102. 220b) and associated reflecting meanT(222)torm a second optical 
signal. path carrying, a portidn of said. pulsed optica] signal through the environmentally sensitive waveguide 
segment (224) .and.. Into the third waveguide (220b); until reflected back .through said sensitive waveguide 
segment (224) Into the first waveguide (102); end. ... 

wherein the second interferometer (200) includes waveguides (208. 2088) defining third and fourth optical 
signal P8*s for carrying portions of each of said reflected, pulsed optical signals (203). and wherein.the 
optical path length difference between the third .and fourth signal paths is substantially equal to the optical 
path length difference between the first and second optical signal paths so that pulsed optical signals from 
the first interferometer are coherently coupled. in the second Interferometer (200) to provide an optical- 
output signal representative of the environmental effects which influenced the optical signal that propagated' 
through the environmentally sensitive waveguide segment (224). . .. 

18. An apparatus for remotely sensing environment effects, as definedin d*im 15 wherein, the first . 
Interferometer is configured to define a Michelson interferometer and the second 1 Interferometer (200) Is 
configured todefine. a Mach-Zehnder interferometer. 

17, An apparatus for remotely sensing environmental effects as defined in claim 15 or 16.wherein the 
source of pulsed optical signals (100) comprises a short coherence length lightsource. 

18. An apparatus for remotely sensing environmental effects . as defined in claim 1, wherein the first 
unbalanced interferometer comprises at least one Michelson interferometer defining a first optical path 
passing through the second optical waveguide (225) and a second optical path passing through the 
environmentally sensitive waveguide segment (227). which optical paths are optically coupled to the first 
optical waveguide (102) to receive at least a portion of a pulsed optical signal (201) and to return a pair of 
pulsed optical signals (205) to the first optical waveguide (102>;ahd . ..... . PW .° 

wherein the second unbalanced Interferometer (200) Is optically coupled to receive said pair of pulsed 
optical signals (205). from the first waveguide (102). wherein said second Interferometer (200) includes 
ZZ2 f^?v° 8) d6finln9 and fourth °P«C8l" signal paths tor carrying portions of said pair of 
S^i^L^ 8nd . W »l!T in *" ° pt,Cal PBth ,en0th dlfferem * b « WM m8 *W "* *»» signal 

-T£?T? «?«al to the optical path length difference between the first and second optica, signal 
l££Zl*!St ! P -? na,S (205) fr ° m flret are coherently coupled in the second 

!2S3T J ? ^ *" 0paCai 0UtpUt ^ flB1 «*» rt * e environmental effects which 
influenced the optical signal that propagated through the environmentally sensitive waveguide segment 

Mach!*^ d8fin9d ^ m 18 *" ~«"^ ~ « 

20. An apparatus for remotely sensing environmental effects as defined inclaim 18 or-20 wherein 'the 
source of pulsed optical signals (100) comprises a short coherence length light source. . . " ™ 
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